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Adeno-associated virus (AAV) replicates in the nucleus of infected cells, and therefore multiple nuclear import events are required for
productive infection. We analyzed nuclear import of the viral Rep proteins and characterized a nuclear localization signal (NLS) in the C-
terminus. We demonstrate that basic residues in this region constitute an NLS that is transferable and mediates interaction with the nuclear
import receptor importin a in vitro. Mutant Rep proteins are predominantly cytoplasmic and are severely compromised for interactions with
importin a, but retain their enzymatic functions in vitro. Interestingly, mutations of the NLS had significantly less effect on importin a
interaction and replication in the context of Rep78 than when incorporated into the Rep68 protein. Together, our results demonstrate that a
bipartite NLS exists in the shared part of Rep68 and Rep78, and suggest that an alternate entry mechanism may also contribute to nuclear
localization of the Rep78 protein.
D 2004 Elsevier Inc. All rights reserved.
Keywords: Adeno-associated virus (AAV); Rep protein; NLSIntroduction
Adeno-associated virus type 2 (AAV-2) is a human
parvovirus that replicates in the nucleus of infected cells (for
a review, see Muzyczka and Berns, 2001). Productive AAV
infection in cell culture requires helper functions that can be
supplied by co-infection with a second virus, such as
adenovirus or herpes simplex virus. Both AAVand its helper
viruses replicate at discrete sites in the nucleus of the
infected cell (Stracker et al., 2004; Weitzman et al., 1996a).
Viruses that replicate in the nucleus require two nuclear-
targeting events during their life cycles (Cullen, 2001;
Kasamatsu and Nakanishi, 1998). The first is nuclear import
of the incoming viral genome, and the second is import of0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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late in infection. Little is known about the signals
responsible for nuclear import of AAV-2 polypeptides and
the cellular proteins involved.
The genome of AAV-2 is a linear, single-stranded DNA
molecule with inverted terminal repeats (ITRs) at either end
that fold into double hairpin structures (Muzyczka and
Berns, 2001). The ITRs serve as the origins and primers for
DNA replication and are also involved in the regulation of
gene expression and integration of the viral genome. There
are three viral promoters and two open reading frames
that encode for replication (Rep) and structural proteins
(Cap). Four overlapping multifunctional Rep proteins are
expressed, and they are named by their apparent molecular
weight. Rep68 and Rep78 are translated from spliced and
unspliced transcripts from the same promoter and thus differ
in their C-terminal sequence. The Rep68/78 proteins are
required for productive AAV replication and bind specifi-
cally to viral ITRs (Im and Muzyczka, 1990; McCarty et al.,
1994a, 1994b; Owens et al., 1993; Weitzman et al., 1996b)04) 206–214
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cut at the terminal resolution site (trs) of the ITR (Im and
Muzyczka, 1990).
Functional domains within the Rep protein have been
analyzed by mutagenesis (McCarty et al., 1992; Owens et
al., 1993; Weitzman et al., 1996b; Yang et al., 1992). These
studies suggest that the Rep proteins are at least partly
modular and are composed of distinct functional domains.
The N-terminus contains the DNA binding domain that
binds to the viral ITR (Cathomen et al., 2000; Owens et al.,
1993). The N-terminal domain (approximately 200 residues)
can also specifically cleave a partially single-stranded
substrate containing the trs sequence (Davis et al., 2000;
Yoon et al., 2001). Cleavage of a double-stranded DNA
substrate requires the central part of the protein that is
involved in protein–protein interactions (Smith et al., 1997;
Weitzman et al., 1996b) and possesses helicase activities
(Davis et al., 2000; Im and Muzyczka, 1990; Walker et al.,
1997).
Rep proteins with deletions encompassing residues 483
through 519 were localized predominantly in the cyto-
plasm in transfected cells, suggesting that sequences in this
region of Rep are involved in nuclear localization (Yang et
al., 1992). Communication between the nucleus and
cytoplasm occurs through nuclear pore complexes (NPCs),
which are macromolecular gates embedded in the nuclear
membrane (for a review, see Macara, 2001). Nuclear
localization signals (NLSs) often consist of stretches of
basic residues that are recognized in the cytoplasm by a
specific receptor called importin a. Proteins are then
delivered to cytoplasmic elements on the NPC with the
aid of a second import factor called importin h. Within the
C-terminus of Rep68/78 region are two stretches of basic
amino acids that could act as a bipartite NLS similar to
that found in nucleoplasmin and other proteins (Yang et
al., 1992). Unfortunately, the previously characterized
deletion mutants proved to be nonfunctional for DNA
binding and replication (Yang and Trempe, 1993; Yang et
al., 1992), precluding definitive examination of the role of
this region for functioning of Rep proteins.
In this study, we have further characterized the candidate
NLS in the C-terminus of Rep. We show that the region
encompassing the basic residues can act as a bona fide NLS
that can impart nuclear localization when transferred to
another protein. Mutations suggest that it acts as a bipartite
signal and that it is required for nuclear accumulation of the
full-length Rep proteins. This region is also involved in
association with the importin a nuclear import receptor
based on in vitro assays that demonstrate recombinant
importin a interactions with Rep in pull-down assays and
when it is bound to the AAV ITR. Rep proteins with
mutations in the C-terminal NLS are fully functional for
binding and nicking of the AAV ITR in vitro. We uncovered
a surprising difference for the effect of NLS mutations on
replication when incorporated into Rep68 compared to
Rep78. The Rep78 NLS mutant was more nuclear than theRep68 mutant, and it also retained some binding to importin
a, and was less affected in replication. These results suggest
that additional pathways may be involved in the nuclear
import of Rep78 protein.Results and discussion
Basic residues within the C-terminal NLS are important for
nuclear localization of full-length Rep protein
To determine a role for the C-terminal stretches of basic
amino acids in the nuclear localization of the Rep protein we
generated mutations in these residues (see Fig. 1A).
Immunofluorescence of transfected cells detected wild-type
Rep78 in the nucleus with staining throughout the nucleo-
plasm, excluding the nucleolus (Fig. 1B). In contrast, a
mutant Rep78 with mutations in the basic residues showed a
perinuclear localization, with significant protein in the
cytoplasm and some faint nuclear staining. Similar results
were obtained with Rep68 and mutations in either basic
region alone (data not shown). These results suggest that the
basic amino acids constitute a bipartite signal that is
important for nuclear localization of the full-length Rep68/
78 proteins.
Quantitation of the localization of mutant Rep proteins
expressed by transfection and detected by immunofluo-
rescence revealed a difference between Rep68 and Rep78.
In both cases, there were very few cells that were predo-
minantly nuclear (4–5%), but for Rep68, the relative
distribution of diffuse cellular staining (both nuclear and
cytoplasmic) compared to a nuclear excluded pattern
(59.6% and 36.0%, respectively) was different than Rep78
(72.6% and 22.6%, respectively). This suggests that
mutation of the NLS has a more severe effect on the
nuclear localization of Rep68 than it does for Rep78.
Localization of Rep was also assessed for fusion
proteins fused to the green fluorescent protein (GFP).
Fusion proteins were generated with wild-type and mutant
full-length Rep68 and Rep78 proteins joined to the C-
terminus of GFP. When expressed in HeLa cells, these
proteins (GFP.Rep68 and GFP.Rep78) showed a similar
pattern to immunofluorescence (Fig. 1C). When mutations
in the C-terminal basic regions were incorporated, the full-
length mutant fusion proteins (GFP.Rep68NLSmut and
GFP.Rep78NLSmut) lost their nuclear localization and
appeared either spread throughout the cell or excluded
from the nucleus. As the Rep protein has been shown to
function as an oligomer, we asked whether cytoplasmic
localization of mutant proteins could be rescued by co-
expression of a wild-type protein. When cytoplasmic
mutant fusion proteins were expressed with wild-type
Rep68 and Rep78 proteins, they displayed a predominantly
nuclear localization (Fig. 1C and data not shown). This
result suggests that both Rep68 and Rep78 proteins can
co-transport cytoplasmic mutant proteins into the nucleus.
Fig. 1. Mutations of basic residues in the C-terminus of Rep affect nuclear localization. (A) Schematic of the Rep protein showing the basic region, the fusion
proteins that were generated, and the mutations of the putative NLS. The numbers below indicate the position of flanking residues in the Rep sequence. (B)
Either wild-type Rep78 or the NLS mutant Rep78NLSmut were expressed in HeLa cells by transfection and detected by immunofluorescence with an anti-Rep
antibody. The wild-type protein was predominantly nuclear whereas the mutant appeared in the cytoplasm and accumulated in a perinuclear pattern. Cell nuclei
were stained with DAPI. (B) Rep68 and Rep78 were fused to the C-terminus of GFP and expressed by transfection in HeLa cells. In both cases, the proteins
were predominantly nuclear. Expression of Rep fusion proteins with mutations in the NLS (GFP.Rep68NLSmut and GFP.Rep78NLSmut) demonstrated
cytoplasmic localization. Co-transfection of wild-type Rep68 or Rep78 protein with the mutant GFP fusion proteins demonstrated rescue of nuclear
localization. (D) The stretches of basic amino acids in Rep constitute a bona fide NLS that is transferable. Nuclear localization was observed for the
GFP.RepNLS fusion protein but not for GFP alone or when the basic residues were mutated.
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proteins can interact in cells, which is consistent with data
from co-immunoprecipitation experiments (Dubielzig et
al., 1999). Furthermore, this experiment also suggests that
Rep proteins can form complexes in the cytoplasm before
nuclear import.
The C-terminus of Rep contains a transferable NLS
To determine whether sequences from the C-terminus of
Rep could confer nuclear localization to a heterologous
protein, we generated fusion proteins with this region
alone. Residues 464–529 of Rep were fused to GFP and
the protein was expressed by transfection in HeLa cells
(Fig. 1D). When expressed alone, the GFP protein was
distributed throughout the cell with no specific local-
ization. However, the GFP.RepNLS fusion was localized
predominantly in the nucleus. Similar observations were
made for Rep fused to full-length cytoplasmic h-galacto-
sidase (MDW, unpublished observations). In addition to
the wild-type sequence, we also generated fusion proteins
in which the basic regions of the NLS were disrupted bymutations to alanine residues. When these mutations were
incorporated into the GFP fusion (GFP.RepNLSmut) the
protein had lost its nuclear localization and was again
found randomly distributed throughout the cell (Fig. 1D).
These results demonstrate that the stretch of basic residues
at the C-terminus of the Rep protein can act as a bona fide
NLS and can confer nuclear localization to heterologous
proteins.
Rep interacts with the importin a nuclear import receptor in
vitro
We asked whether the Rep proteins interact with cellular
nuclear import receptors. In a first set of experiments, the
interaction was analyzed in glutathione-S-transferase (GST)
pull-down assays (Fig. 2). Different receptors fused to GST
were purified from bacteria and incubated with in vitro
synthesized radiolabeled Rep proteins. Wild-type full-length
Rep68 protein bound to GST-importin a, but not to GST
alone (Fig. 2A). We also used these assays to examine
interactions with other nuclear transport receptors such as
importin h and Crm1 (exportin), but could not detect any
Fig. 2. The Rep protein interacts with importin a. (A) The Rep68 protein was in vitro translated and incubated with purified GST (G) or fusion proteins of GST-
importin a (a), GST-importin h (h), and GST-Crm1 (C). The input Rep68 (10%) is shown to the left. Only GST-importin a isolated Rep68 in this pull-down
assay. (B) Results of pull-down assays for wild-type and mutant proteins. The Rep proteins were in vitro translated and pull-down experiments performed for
GST-importin a. Results were quantitated by PhosphorImager analysis and background binding to GST alone was subtracted before graphing. (C) Purified
recombinant MBP fusion proteins (2 Ag) were analyzed on a 10% SDS-PAGE and stained with Coomassie blue. The positions for molecular weight standards
are indicated to the left. (D) Pull-down assays for purified Rep fusion proteins by GST-importin a (a) or GST (G). Input (10%) and isolated proteins were
detected by immunoblotting for the MBP moiety. The 518–21 fusion protein sometimes produced a breakdown product indicated as * but this did not interact
with GST-importin a.
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obtained with in vitro synthesized Rep78 (data not shown).
We next tested interactions of mutant proteins with GST-
importin a (Fig. 2B). Binding by wild-type Rep78 was
compared to the two internal deletion mutants previously
shown to be predominantly cytoplasmic in transfected cells
(Yang et al., 1992). Binding to GST-importin a was reduced
by greater than 90% for the deletion mutants. Proteins with
point mutations in basic amino acids of the NLS were
reduced in binding compared to wild-type proteins but they
retained some residual interaction. Interestingly, the effect of
these mutations on Rep68 (reduction by 80%) was
consistently more dramatic than for Rep78 (reduction by
only 50%). To look at the interaction further, we used a
series of constructs possessing regions of Rep78 fused to the
maltose binding protein (MBP) at the N-terminus (Fig. 2C).
These MBP fusion proteins were expressed in bacteria and
purified using a maltose column (Chiorini et al., 1994).
Examples of the pull-down assays are shown in Fig. 2D.
MBP-Rep fusion proteins that possessed the C-terminal
NLS interacted strongly with GST-importin a in this assay.
Most fusion proteins lacking this region did not interactstrongly, except for the C-terminal portion of Rep78 that
retained some binding activity. Together these results
demonstrate that Rep68/78 proteins bind to importin a in
vitro and suggest that in addition to the NLS region there
may be other sequences involved in the interaction with
Rep78.
Rep proteins mutated in the C-terminal NLS are still
functional in vitro
We next assessed the functional consequences of
mutations within the C-terminal NLS of Rep. This region
of the protein has been implicated as important for
protein–protein interactions and the binding, helicase, and
nuclease functions of Rep (Davis et al., 1999; McCarty et
al., 1992; Smith et al., 1997; Weitzman et al., 1996b). Two
mutant proteins previously reported to localize predomi-
nantly in the cytoplasm (RepD456–520 and RepD482–556)
were also found to be nonfunctional for replication (Yang
et al., 1992). We therefore assessed the functionality of the
NLS mutants we generated by using both in vitro and cell-
based assays. The full-length wild-type and NLS mutant
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analyzed by several established in vitro assays for Rep
function (Im and Muzyczka, 1990; Weitzman et al., 1996a,
1996b). Analysis of proteins by SDS-PAGE demonstrated
that the proteins were made at similar levels in the IVT
reaction (Fig. 3A). The ability to bind to the AAV ITR
hairpin DNA was assessed in the EMSA (Figs. 3B and C).
Both of the NLS mutant proteins (Rep68NLSmut and
Rep78NLSmut) bound to the AAV ITR as effectively as
wild-type proteins. This was also true over an extensive
range of concentrations of Rep68 and Rep68NLSmut
proteins (Fig. 3C), with the characteristic multiple bands
observed as previously reported for the protein–DNA
complexes (Li et al., 2003; Owens et al., 1993; Weitzman
et al., 1996b). This demonstrated that the affinity for DNA
binding of Rep proteins was unaffected by mutations of
the basic regions in the C-terminal ITR. The nicking
activity of Rep proteins was also assessed in the trs
endonuclease assay (Fig. 3D), and in this assay the mutant
proteins also had similar specific activity as the wild-type
proteins. This demonstrated that the C-terminal NLS is not
involved in either binding or nicking of the Rep proteins
on the AAV ITR. In contrast, the previously described
deletion mutants (Rep78D456–520 and Rep78D482–556)Fig. 3. Mutations in the C-terminal NLS do not affect functions of Rep in vitro.
translation and analyzed by SDS-PAGE. (B) EMSA of wild-type (W) and mut
configuration. The positions of free (F) and bound (B) ITR are indicated to the righ
a wide range of concentrations. Increasing amounts of lysate containing either R
electrophoresis. Controls include ITR alone and an unprogrammed lysate (LYS)
formed are indicated to the right. (D) Nicking assays for wild-type (W) and mutant
the indicated Rep protein synthesized in vitro. The positions of substrate (S) andwere unable to bind or nick the ITR, which explains their
defects in replication (Yang and Trempe, 1993; GDC and
MDW, data not shown).
We next asked whether the importin a receptor could
interact with the Rep protein when it is bound to the viral
origin of the ITR. To investigate this we added purified
GST fusion proteins into the EMSA with Rep68 bound to
radiolabeled ITR. We detected a supershift in the Rep-ITR
complex when GST-importin a was added, but not with
GST control (Fig. 4). The supershift was lost for
Rep68NLSmut, demonstrating an essential role for this
region in the interaction. Similar observations were made
for Rep78 (data not shown). This important result
demonstrates that the NLS at the C-terminus of Rep68
interacts with the importin a receptor and that the C-
terminus is accessible for the association even when Rep is
bound to the viral ITR. This is one of only a few
interacting proteins for Rep that have been demonstrated to
associate with DNA-bound Rep. Other examples include
the high-mobility group (HMG) 1 protein (Costello et al.,
1997) and Sp1 transcription factor, which plays a role in
Rep-mediated transcriptional regulation (Hermonat et al.,
1996; Lackner and Muzyczka, 2002; Pereira and
Muzyczka, 1997).(A) Wild-type (W) and mutant (M) proteins were synthesized by in vitro
ant (M) Rep proteins binding to radiolabeled ITR of AAV in the hairpin
t. (C) Binding activity of Rep68NLSmut is similar to wild-type protein over
ep68 or Rep68NLSmut were incubated with the ITR and analyzed by gel
. The position of free ITR and the different Rep-DNA complexes that are
(M) Rep proteins. Radiolabeled AAV ITR hairpin DNAwas incubated with
released cleavage product (P) are indicated to the right.
Fig. 5. NLS mutant Rep proteins are still functional for replication in
transfected cells. HeLa cells were transfected with an AAV vector plasmid
(pAAV.GFP) and increasing amounts of the indicated expression vectors for
wild-type or mutant Rep68 (A) and Rep78 (B). After 18 h, cells were
infected with Ad5. Cells were harvested at 36 h post-transfection and low
molecular weight DNA was extracted and digested with XbaI and DpnI to
remove the input plasmid. A Southern blot of the samples run on an agarose
gel was hybridized with a GFP probe. The replicative intermediates in
monomer or dimer forms (RFm and RFd) are indicated. Below is shown an
immunoblot of cell lysates from the experiment that confirms comparable
Rep expression. (C) Quantitation demonstrating the relative replication of
NLS mutants compared to wild-type Rep68/78 proteins. The degree of
replication was determined using ImageQuant to analyze data from three
separate experiments. In each case, the counts in each lane were determined
and normalized between samples. The NLS mutation in Rep68 consistently
compromised replication more than Rep78.
Fig. 4. Importin a interacts with DNA-bound Rep proteins. Wild-type
Rep68 (WT) and Rep68NLSmut produced in an in vitro lysate were added
to ITR in the absence or presence of GST (G) or GST-importin a (a). The
positions of free (F), bound (B), and supershifted (S) ITR are indicated.
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Rep68 and Rep78
To study replication, we assessed the ability of Rep
proteins to rescue and replicate an AAV vector in trans after
plasmid transfection in Ad-infected cells (Fig. 5). Western
blotting confirmed that the NLS mutant proteins were
expressed at similar levels to wild type in transfected cells
(panels below Southern blot in Figs. 5A and B). Southern
blotting of low molecular weight DNA extracted from cells
revealed that vector plasmid was replicated by wild-type
Rep68/78 proteins. The deletion constructs Rep78D456–
520 and Rep78D482–556 were unable to replicate the rAAV
genome (data not shown), consistent with an earlier report
(Yang et al., 1992). We detected a surprising difference in
the effect of the NLS mutation on Rep68 versus Rep78. The
Rep68NLSmut protein was significantly compromised for
replication (Fig. 5A), while the same mutation had a less
dramatic effect on Rep78NLSmut replication (Fig. 5B).
Quantitation from several replication experiments is pre-
sented in Fig. 5C and shows that the mutation in Rep68
reduces replication by 75% compared to wild-type levels,
whereas the mutation in Rep78 only causes a 20%
reduction.
Together, these studies have characterized a basic region
previously suggested to act as an NLS for the Rep68/78
proteins. Our results demonstrate that although the C-
terminal basic region can act as a bona fide NLS,
intracellular localization of the Rep proteins may be more
complex than previously suspected. Although Rep68/78
proteins are detected predominantly in the nucleus by
immunohistochemical staining and cellular fractionation
(Hunter and Samulski, 1992; Im and Muzyczka, 1992;
Weitzman et al., 1996a; Wistuba et al., 1997), they have
also been purified from the cytoplasmic fraction of
infected cell extracts (Im and Muzyczka, 1992). Togetherwith our observation that despite their predominantly
cytoplasmic staining mutant Rep78 proteins were only
slightly compromised for replication, these findings sug-
gest that the Rep protein may be capable of shuttling
between cellular compartments. This is supported by
preliminary data in which Rep proteins microinjected into
the nucleus were capable of translocation to adjacent
nuclei in heterokaryon experiments (MDW, unpublished
data). A recent finding has suggested that Ad can facilitate
nuclear translocation of AAV (Xiao et al., 2002), but we
observed no effect of Ad on nuclear localization of either
wild type or mutant Rep proteins (MDW, unpublished
observations). We also examined the effect of mutations in
C-terminal NLS on production and transduction of rAAV
vectors and found no difference from wild type (MDW,
unpublished observations).
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Rep68 and Rep78 when mutations in the NLS were
incorporated into the protein. This implies that there are
additional pathways for Rep78 nuclear import. It should be
noted that Rep68 and Rep78 differ only in their C-termini,
with Rep78 containing approximately 15% more histidines,
arginines, and lysines than Rep68. It is possible that residue
clustering of this region forms a structure-dependent non-
conventional NLS that interacts with importin a, as has been
observed for other viral proteins (Lischka et al., 2003;
Rajendra Kumar et al., 2003).
The Rep68/78 proteins are the replication initiators for
AAV and share functions with other viral initiator proteins.
The Rep68/78 proteins are homologous to the major
nonstructural protein NS1 of the autonomous parvoviruses.
Nuclear localization has been analyzed for NS1 of the
minute virus of mice (MVM) and mutagenesis suggested
involvement of a central region with two stretches of lysine
residues (Nuesch and Tattersall, 1993). Although this region
is not conserved in the AAV Rep proteins, in both cases a
cytoplasmic mutant could be co-transported into the nucleus
by the wild-type protein. Together with our observations,
this suggests that parvoviral replication proteins can
associate in the cytoplasm before nuclear transport. The
interaction between AAV Rep and importin a bears striking
similarity to that of the EBNA1 protein of Epstein–Barr
Virus (EBV). The EBNA1 protein is the trans-acting origin
binding protein for EBV, required for replication and stable
maintenance of the viral genome. A one-hybrid assay to
select for proteins that interacted with EBNA1 when bound
to the EBV origin in vivo isolated importin a (Kim et al.,
1997). EBNA1 contains a basic NLS, which when mutated
generates a protein that is partially redistributed to the
cytoplasmic compartment, but still binds to importin a with
reduced affinity (Kim et al., 1997). Mutant EBNA1 protein
can also stimulate origin-dependent replication as efficiently
as wild-type protein. Both of these proteins bind viral
origins and are involved in viral replication in the nucleus,
raising the intriguing possibility that importin a may have a
role in viral replication.Materials and methods
Cell lines
HeLa and 293 cells were purchased from ATCC and
maintained as monolayers in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (FBS).
All cultures were maintained at 37 8C in a humidified
atmosphere containing 5% CO2.
Viruses and plasmids
Wild-type adenovirus type 5 (Ad) was propagated in 293
cells and purified by sequential rounds of ultracentrifugationin CsCl gradients. Titers of Ad were determined by plaque
assays on 293 cells. Wild-type Rep68 and Rep78 were
subcloned from pBluescript II (Weitzman et al., 1996b) into
pcDNA3.1 (Invitrogen) under the control of the CMV and
T7 promoters. Plasmids expressing Rep mutants with
internal deletions (Yang et al., 1992) were obtained from
James Trempe. Fusion proteins with GFP were generated by
cloning PCR amplification products into the pEGFP-N
vector (Clontech) to yield C-terminal fusion proteins.
Mutations were generated by site-directed mutagenesis
using the QuikChange kit (Stratagene) and confirmed by
sequencing.
Microscopy
Cells were grown on coverslips in 24-well plates and
transfected with expression vectors. After 40 h, cells were
washed three times in PBS and fixed in 3.7% paraformal-
dehyde for 15 min. Cells were washed in PBS and
permeabilized for 10 min in 0.1% Triton X-100 in PBS.
Cells were incubated for 60 min at room temperature with
primary antibodies diluted in PBS-B (5% bovine serum
albumin in PBS). The Rep antibodies and dilutions used
were rabbit polyclonal, 1:250 (gift of J. Trempe) and mouse
monoclonal 1:200 (gift of J. Samulski). Secondary anti-
bodies were conjugated to FITC (1:200, Jackson). Nuclear
DNA was stained with 4V,6-diamidino-2-phenylindol
(DAPI). Coverslips were mounted using Fluoromount-G
(Southern Biotechnology Associates) and visualized by
epifluorescence using a Nikon microscope in conjunction
with a CCD camera (Cooke Sensicam). Images were
obtained in double or triple excitation mode and were
processed using SlideBook and Adobe Photoshop. The
percentages for nuclear localization were determined by
counting 100 cells and scoring the relative frequency of
staining in the nucleus or cytoplasm in three independent
experiments.
Proteins and GST pull-down assays
Expression vectors for GST fused with importin a,
importin h, and Crm1 (exportin) were obtained from Tom
Hope and Gideon Dreyfuss. GST and GST fusion proteins
were purified from 500-ml cultures of Escherichia coli
BL21 cells using glutathione sepharose uniflow resin (BD
Biosciences). Full-length Rep78 or truncated derivatives
were fused to MBP in the vector pMalc2 (obtained from
Roland Owens and Paul Hermonat) and proteins were
purified on maltose columns as previously described
(Chiorini et al., 1994). Proteins were dialyzed into 25 mM
Tris HCl pH 7.6/50 mM NaCl/20% glycerol for 1 h at 4 8C
using Slide-a-Lyzer cassettes (Pierce) and quantitated both
by SDS-PAGE analysis against known BSA standards and
by a Bradford assay (BioRad). Rep proteins were synthe-
sized in vitro using the TNT-coupled transcription–trans-
lation system with T7 polymerase-reticulocyte lysate
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Pull-down assays were performed in GST binding buffer
(20 mM HEPES-KOH pH 7.9, 0.1 mM MgCl2, 0.1 mM
ZnCl2, 0.05% Tween 20, 0.2% Triton X-100, 1 mM DTT
with 50–100 mM NaCl) in the presence of Complete
protease inhibitor cocktail (Roche). Reactions contained 1–2
Ag purified GST protein and 1–2 Al in vitro translated Rep
protein, and were incubated at 4 8C for 2 h. Glutathione
resin (50 Al, BD Biosciences) was added and, after a further
1 h, reactions were washed three times with GST binding
buffer, boiled in the presence of denaturing loading dye, and
analyzed by SDS-PAGE gels in 8% gels. Gels were dried
and analyzed either by PhosphorImager (Molecular Dyna-
mics) or autoradiography (Kodak Xomat Blue).
Assays for Rep activities
DNA binding and endonuclease assays were performed
essentially as previously described (Owens et al., 1993;
Weitzman et al., 1996b). The substrate for in vitro assays of
Rep functions was generated from pSub201 (Samulski et al.,
1989). The AAV ITR was isolated from pSub201 by
digestion with XbaI and PvuII (NEB). The DNA was 5V
double end-labeled using T4 polynucleotide kinase (NEB)
and g32P-ATP (ICN). A total of 1 Al of reticulocyte lysate
containing in vitro-translated proteins was added to every
reaction. For the EMSA, reactions were incubated in standard
binding buffer (Owens et al., 1993) at room temperature for
30 min and were resolved with 5% PAGE in 0.5 TBE buffer
at 100 V for 3.5 h. The endonuclease assay reactions were
performed in terminal resolution buffer (Im and Muzyczka,
1990) and were incubated for 1 h at 37 8C. Samples were
boiled in SDS buffer before electrophoresis through a 5%
polyacrylamide gel. For both assays, gels were dried and data
were analyzed by PhosphorImager (Molecular Dynamics)
and ImageQuant software.
Transfections, Hirt extractions, and Southern blotting
Replication was assessed by transfection of subconfluent
monolayers of cells by calcium phosphate precipitation
according to standard protocols. A rAAV vector plasmid
(pAAV.GFP) was transfected together with a Rep expression
vector and the cells were infected with Ad5 (MOI = 25)
after 24 h. Cells were harvested after a further 36 h for DNA
extraction and immunoblotting. Low molecular weight
episomal DNAwas extracted from cell pellets by a modified
version of the procedure originally described by Hirt, as
previously described (Stracker et al., 2004). DNA was
digested with DpnI and XbaI, electrophoresed on 0.8%
agarose gels in 1 TAE buffer at 75 V for 4.5 h, and
transferred onto a nylon membrane. Hybridization used a
GFP probe from pEGFP-N1 (Clontech) radiolabeled with
[32P]-dCTP (Rediprime II kit; Amersham). Blots were
washed and then autoradiographed using Xomat Blue film
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